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Ekpyrotic instantons describe the emergence of classical contracting universes out of the no-boundary 
quantum state. However, up to now these instantons ended in a big crunch singularity. We remedy 
this by adding a higher-derivative term, allowing a ghost condensate to form. This causes a smooth, 
non-singular bounce from the contracting phase into an expanding, kinetic-dominated phase. Remarkably, 
and although there is a non-trivial evolution during the bounce, the wavefunction of the universe is 
“classical” in a WKB sense just as much after the bounce as before. These new non-singular instantons 
can thus form the basis for a fully non-singular and calculable ekpyrotic history of the universe, from 
creation until now.
© 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.Motivation and aims. The goal of cosmology is to explain the 
(broad) evolution of the universe, in its full spatial and temporal 
extent. This programme is plagued by the occurrence of singular-
ities and/or inﬁnities, where we lose control over the theory and 
hence require the additional input of initial or boundary condi-
tions. In other words, as long as singularities are present, there 
are necessarily ad hoc elements in any cosmological model, imply-
ing that all results are based on assumptions that lie outside of 
the theory. Inﬂation is typically preceded by a singularity [1], in 
much the same way as the old hot big bang model is preceded 
by the big bang singularity [2,3]. This situation can be improved 
in quantum cosmology where one can formulate a theory of initial 
conditions, such as the Hartle–Hawking no-boundary proposal that 
we will focus on here [4].1 Inﬂationary instantons then render the 
beginning of the universe, along with its initial conditions, non-
singular and calculable [7]. However, typically inﬂation is thought 
to lead to eternal inﬂation and the multiverse [8,9], which brings 
along its own elements of incalculability due to the inﬁnities that 
arise from the continued production of new regions of the universe 
with different physical properties [10–13]. Here we try to look at 
these issues in an alternative framework, namely that of ekpyrotic 
models [14,15].
These models do not amplify large quantum ﬂuctuations and do 
not lead to a run-away behaviour like eternal inﬂation [16]. Rather, 
the universe is rendered smooth during a slowly contracting ekpy-
rotic phase, which has the effect of homogenising the universe 
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SCOAP3.over large regions [17]. It was recently shown that such universes 
can also be described in quantum cosmology, via ekpyrotic instan-
tons [18–20]. However, all of the instantons presented to date have 
the drawback of ending in a big crunch singularity, so that one 
has to hope for a full quantum gravity resolution of the singu-
larity. In that case, one may wonder what good it is to describe 
a previous phase of the universe in semi-classical quantum grav-
ity, when there is again an unknowable aspect linking this phase 
to the present expanding phase. Classically, this situation was ad-
dressed within the framework of new ekpyrotic cosmology [21], 
where the original brane collision bounce of the ekpyrotic model 
was replaced by a classically non-singular bounce. This leads to a 
calculable cosmology, where also the transfer of ﬂuctuations across 
the bounce is unambiguous [22]. Here we combine all of the ideas 
above to ﬁnd instantons that describe the emergence of an ekpy-
rotic universe followed by a non-singular bounce into the present 
expanding phase. These solutions provide the basis for a semi-
classical, non-singular and fully calculable history of the universe.
Setup. In order to describe both an ekpyrotic phase and a 
bounce, we adopt a model of a scalar ﬁeld coupled to gravity, and 
where the kinetic term can contain higher-derivative terms that 
are functions of the ordinary kinetic term X ≡ − 12 (∂φ)2, i.e. we 
consider the model deﬁned via the action (in natural units)
S =
∫ √−g
[
R
2
+ P (X, φ)
]
. (1)
We will specialise to the case where P (X, φ) = k(φ)X + q(φ)X2 −
V (φ). The inclusion of the X2 term is enough to cause a ghost 
condensate bounce, as long as the ordinary kinetic term switches under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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term, and the potential V (φ) with V0 = 1 (bottom panel). The scalar ﬁeld starts 
on the right; the ekpyrotic phase lasts until the potential starts turning off, when 
the bounce phase begins.
sign [21,23]. Choosing the free functions in the action to take the 
form (see Fig. 1)
k(φ) = 1− 2(
1+ 12 (φ + 4)2
)2 (2)
q(φ) = 1(
1+ 12 (φ + 4)2
)2 (3)
V (φ) = − V0(
e3φ + e−4(φ+5)) (4)
ensures that the potential is of ekpyrotic form for φ −3 and that 
the kinetic term switches sign while the higher-derivative term is 
turned on. Then a bounce can occur after the ekpyrotic phase has 
come to an end, i.e. for φ −3 [24,25]. These functions are chosen 
here for convenience – the rough shapes are important, but there 
is a signiﬁcant amount of freedom in the speciﬁc functional form.
In the present study we will specialise to line elements of 
Robertson–Walker form with closed spatial sections
ds2 = N2dλ2 + a2(λ)d23 , (5)
where the lapse function N is real in the Euclidean case and pure 
imaginary for Lorentzian signature universes, and where d23 is the 
metric on the unit three-sphere. Writing dτ = Ndλ and denoting 
a derivative w.r.t. the generally complex time τ by a prime, the 
equations of motion become
3
a′ 2
a2
− 3
a2
= 1
2
kφ′ 2 − 3
4
qφ′ 4 − V , (6)
−2a
′′
a
− a
′ 2
a2
+ 1
a2
= 1
2
kφ′ 2 − 1
4
qφ′ 4 + V , (7)
(k − 3qφ′ 2)φ′′ + (k,φ − q,φφ′ 2)φ′ 2 + 3a
′
a
φ′(k − qφ′ 2)
= 1
2
k,φφ
′ 2 − 1
4
q,φφ
′ 4 + V ,φ . (8)
The Euclidean action SE = −i S then reduces on-shell to
SE = π2
∫
dτ
[
−12a + 4a3V + a3qφ′ 4
]
. (9)
A classical (Lorentzian) solution of the ﬁeld equations, starting in 
the ekpyrotic phase and proceeding via a smooth bounce into a 
kinetic dominated expanding phase is shown in Fig. 2 (note that 
the evolution is towards more negative values of the scalar ﬁeld φ).Fig. 2. The scale factor a (top panel) and the equation of state w (bottom panel) 
for a non-singular bounce solution. It consists of an ekpyrotic phase (for φ  −3), 
a bounce (−5  φ−3) and a kinetic dominated expanding phase (φ−5).
The no-boundary wavefunction is formulated in the Euclidean 
path integral formalism (Ref. [19] contains a review and uses the 
same notation as here), with the result that in the semi-classical 
approximation, which we will use throughout, the wavefunction is 
of the form
(b,χ) = e−SE (a,φ) , (10)
where SE(a, φ) is the action of a complex solution a(τ ), φ(τ ) satis-
fying the equations of motion above with the boundary conditions
• a(τ = 0) = 0, a′(0) = 1, φ′(0) = 0 – this is the no boundary con-
dition, which ensures that the instanton is regular and without 
boundary at the so-called South Pole τ = 0.
• The scale factor and scalar ﬁeld take the speciﬁed values 
a(τ f ) = b, φ(τ f ) = χ , with b and χ being real numbers, at 
a ﬁnal time τ f .
Both the (generally complex) scalar ﬁeld value at the South Pole 
φSP as well as the ﬁnal time τ f must be determined such that the 
conditions above are satisﬁed. Note that in the present approach 
it is precisely the extension to complex ﬁeld values that allows for 
quantum effects to be taken into account.
With the prescription above, the Euclidean action (9) can be 
viewed as a contour integral in the complex time plane, from τ = 0
to a ﬁnal time τ f . We will consider contours such as the one de-
picted in Fig. 3, i.e. we take the contour down along the imaginary 
axis, then across the real τ axis and ﬁnally up along the imaginary 
τ direction until reaching τ f . This type of contour may appear un-
usual, as for inﬂationary instantons one typically runs the contour 
out along the real τ axis ﬁrst. However, given that we are deal-
ing with complex metrics and ﬁelds, the contour may be chosen at 
will, without change to the physics. In the context of inﬂation, this 
property has been explored in [26]. Of course, one must ensure 
that there are no obstructions to such deformations of the contour. 
In the present theory, no such obstructions exist for the South Pole 
scalar ﬁeld values of interest and as long as we stay close enough 
to the South Pole in the complex τ plane. We have, for instance, 
veriﬁed explicitly that our results are unchanged when deforming 
to a more conventional-looking contour that runs out along the 
real axis ﬁrst, and then at the last moment runs down to reach 
the ﬁnal, vertical, segment with N = i described in Fig. 3. (Note 
that further away from the South Pole, i.e. beyond the region of 
interest here, there will be locations where no ghost condensate 
occurs and where crunches are present – this is rather similar to 
the case of inﬂationary instantons, where singularities occur near 
the real τ axis at locations where the near – Euclidean near – 
244 J.-L. Lehners / Physics Letters B 750 (2015) 242–246Fig. 3. In evaluating instantons we choose the contour depicted above with three 
consecutive segments: down from the South Pole at τ = 0 with lapse function 
N = −i, then across with N = 1 and ﬁnally up along a Lorentzian direction N = i. 
The contour is chosen to run suﬃciently far down so as to reach the end of the 
ekpyrotic phase and the bounce on the ﬁnal segment.
sphere closes off again. Here, just as there, one avoids these singu-
larities by staying closer to the origin of the time plane.) Perhaps 
it is worth emphasising that all of the physics is encoded in the 
wavefunction, and that the instantons that we are describing here 
are best regarded as a prescription for calculating the wavefunc-
tion.
Now, along the last segment of the contour described above, 
the lapse function is pure imaginary and hence the metric is 
Lorentzian as long as the scale factor and scalar ﬁeld are real. Typi-
cally they are only simultaneously real exactly at the ﬁnal time τ f , 
but for increasingly classical universes we expect that the instan-
tons change less and less as the wavefunction (b, χ) is evaluated 
along a classical history b(λ), χ(λ). Looking at Eq. (9) and keep-
ing in mind that along the last segment dτ = idt with t ∈ R, this 
then implies that (while progressing along the family of instantons 
corresponding to the classical history of interest) the real part of 
the Euclidean action SRE ought to change less and less compared 
to the imaginary part S IE . A useful quantitative criterion for classi-
cality stems from the analogy with the Wentzel–Kramers–Brillouin 
(WKB) method in quantum mechanics: for a classical universe we 
expect the amplitude of the wavefunction to vary slowly compared 
to the variation of its phase, i.e. we would want
∂b SRE
∂b S IE
 1, ∂χ S
R
E
∂χ S IE
 1 . (11)
In this case, one may also associate a relative (unnormalised) prob-
ability e−2SRE to the corresponding history.
Numerical results. For speciﬁcity we choose V0 = 10−6 and in 
order to facilitate the numerical evaluations, the theory is re-scaled 
according to
a¯ = V 1/20 a , φ¯ = φ , (12)
which implies that k(φ) is unchanged while q(φ) is effectively re-
scaled to q¯ = V0q and V¯ = V−10 V . As a representative example, we 
choose a classical history speciﬁed by
a¯(λi) = 100 , φ¯(λi) = 0 , φ¯,λ¯ (λi) = −2.4555 , (13)
which is also the solution shown in Fig. 2. We have evaluated 
the no-boundary wavefunction along this classical history, at 427
roughly equally spaced values in χ between 0 and −7. The corre-
sponding South Pole values of the scalar ﬁeld are shown in Fig. 4. Fig. 4. The values of the Euclidean action and of the scalar ﬁeld at the South Pole 
of the instanton (i.e. at the “no boundary” point), both real and imaginary parts, for 
the family of instantons corresponding to the classical history (13). The evolution 
is smooth across the bounce and the values of φSP and SRE stabilise as the history 
progresses from χ = 0 to more negative values of χ .
These values, as well as the real part of the Euclidean action (also 
shown in the ﬁgure), are seen to vary very little and are converg-
ing to asymptotic values, which is due (at least in part) to the 
attractor behaviour of the ekpyrotic phase [20]. Crucially, the evo-
lution through the bounce proceeds uneventfully, and the values 
of φSP and SE are smooth. This already demonstrates that there is 
no obstacle in incorporating a non-singular bounce into the wave-
function of the universe.
A representative (late) instanton is shown in Figs. 5 and 6, 
where the real and imaginary parts of the scale factor and scalar 
ﬁeld are shown along a contour of the form described in Fig. 3. 
Up to the bounce this instanton has a shape that is similar to that 
of crunching ekpyrotic instantons [18], as expected. Along the ﬁrst 
segment (in blue), the instanton consists of a disk of Euclidean ﬂat 
space. The second segment (in beige) is fully complex and interpo-
lates to the third segment (in red) along which the ekpyrotic phase 
takes place. It is here that the universe becomes classical, as the 
imaginary parts of the ﬁelds are becoming small. However, unlike 
the previously studied ekpyrotic instantons of Refs. [18–20], the 
universe does not end in a crunch, but rather the higher-derivative 
term becomes important after the end of the ekpyrotic phase and 
induces a non-singular bounce, as can better be seen from the 
zoom-ins in Fig. 7. After the bounce, the universe keeps expanding 
in a kinetic dominated phase. One might then imagine that subse-
quently the scalar ﬁeld decays and ﬁlls the universe with radiation 
and matter.
Of special interest are the WKB classicality conditions, which 
can tell us whether the universe is still classical after the bounce. 
This question is somewhat non-trivial, as the null energy con-
dition is violated during the bounce phase (as the equation of 
state w drops below −1). One may wonder whether the wave-
function remains classical under such extreme conditions. In order 
to settle this issue, one needs to evaluate the derivatives of the 
wavefunction w.r.t. to b and χ . These derivatives can be accu-
rately approximated by ﬁnite difference estimates (see the previ-
ous works [19,20]), obtained by evaluating the wavefunction for 
slightly shifted classical histories (b + b · δb,χ) and (b,χ + δχ)
with δb = δχ = 10−5. The results are shown in Figs. 8 and 9. On 
the right of both ﬁgures, during the ekpyrotic phase, the WKB con-
ditions scale as e−(−3)N/(−1) , where  = 32 (1 + w) is the fast-roll 
parameter of the ekpyrotic phase. This scaling, which applies when 
the equation of state is constant, was ﬁrst derived in [19] and dis-
cussed extensively in [20].
J.-L. Lehners / Physics Letters B 750 (2015) 242–246 245Fig. 5. The real and imaginary parts of the scale factor, for a representative instanton 
(b = 86.0, χ = −6.97). (For interpretation of the references to color in this ﬁgure, 
the reader is referred to the web version of this article.)
Fig. 6. The real and imaginary parts of the scalar ﬁeld, for the same instanton 
(b = 86.0, χ = −6.97). (For interpretation of the references to color in this ﬁgure, 
the reader is referred to the web version of this article.)
Fig. 7. A zoom-in of Figs. 5 and 6 along the ﬁnal segment, showing the bounce re-
gion. Note that the bounce appears less smooth here than in Fig. 2, because that 
ﬁgure shows a parametric (a, φ) plot and the scalar ﬁeld varies signiﬁcantly across 
the bounce, as can be seen above. Here the imaginary parts have been ampliﬁed 10
times to aid the visualisation. The scale factor and scalar ﬁeld are only simultane-
ously exactly real at the speciﬁed values (b = 86.0, χ = −6.97), but the imaginary 
parts remain small afterwards, as the universe continues expanding.
New to this paper is the subsequent evolution during the 
bounce phase. A number of notable features are seen here: the 
ﬁrst is that at isolated moments, the WKB conditions take on 
a cusp shape and blow up (an analytical treatment might very 
well be required to achieve a full understanding of this aspect). 
More speciﬁcally, the variation w.r.t. the scale factor b momen-Fig. 8. The ﬁrst of the WKB classicality conditions (11) along the classical bouncing 
history (13). The evolution is from right to left, and a smaller value indicates a more 
classical wavefunction. This ﬁgure is discussed in detail in the main part of the text.
Fig. 9. The second of the WKB classicality conditions (11) along the classical bounc-
ing history (13). See the main part of the text for a full discussion.
tarily blows up at the moment of the bounce (Fig. 8). The fact 
that the Euclidean action itself evolves smoothly and remains ﬁ-
nite all along (see Fig. 4) shows that in the ratio ∂b SRE /∂b S
I
E the 
denominator ∂b S IE becomes momentarily zero rather than ∂b S
R
E
becoming inﬁnite. In other words, the imaginary part of the Eu-
clidean action momentarily becomes stationary with regard to b at 
the bounce. Furthermore, the WKB condition w.r.t. the scalar ﬁeld 
blows up at two instants, which appear to be the times when the 
null energy condition is marginally satisﬁed, i.e. when w = −1; 
compare Figs. 9 and 2. At these moments the imaginary part of 
the Euclidean action becomes stationary with regard to χ . In addi-
tion, and in opposition to what happens in Fig. 8, the combination 
∂χ SRE /∂χ S
I
E goes to zero at the bounce, so here it is the real part 
of the action that appears stationary with regard to χ .
Despite this non-trivial behaviour, the WKB conditions become 
small again at the end of the bounce phase, and in fact the uni-
verse emerges from the bounce slightly more classically than be-
fore. This level of classicality is then maintained during the kinetic 
expansion phase, which is as expected as the equation of state is 
w = 1 or  = 3 there. Overall, it is remarkable that the classicality 
of the universe is preserved over the course of the bounce, despite 
the fact that the null energy condition is violated there.
Does a blow-up of the WKB conditions signal a breakdown 
of the theory? This seems unlikely: as mentioned above, the Eu-
clidean action is ﬁnite and smooth throughout, and the blow-ups 
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mentarily stationary. A further indication that nothing singular is 
happening is provided by the fact that in the classical theory, linear 
perturbations are well-behaved through the bounce [22]. Never-
theless, it is interesting to observe that the WKB conditions suggest 
that even a classically non-singular bounce retains a certain “quan-
tumness” to it.
Discussion. The results presented here provide the basis for a 
cosmological model devoid of singularities and inﬁnities: the uni-
verse is ﬁnite in space and in time, and does not seem to lead to 
any run-away behaviour. Models built on this basis will therefore 
lead to predictions that are trustworthy, and that will not depend 
on unknowable quantities outside of the theory. This feature dis-
tinguishes the present cosmological model from existing ones.
There are a number of foreseeable applications and improve-
ments of the present results that are left for future work. The ghost 
condensate is technically the simplest model of a ghost-free non-
singular bounce, but it has two drawbacks: it contains a gradient 
instability (whose absence likely requires the inclusion of further 
higher – derivative terms) and the model must be ﬁne-tuned such 
that the X term changes sign in an appropriate region of ﬁeld 
space. Furthermore, the model is not entirely realistic yet: it will 
be desirable to include a second scalar ﬁeld (for instance along 
the lines of [27–30]) in future studies in order to obtain realis-
tic curvature perturbations. A particularly interesting aspect of the 
present study is the evolution of the WKB classicality conditions 
during the bounce phase. Can this evolution be understood analyt-
ically? Would it be signiﬁcantly different if the gradient instability 
were avoided? And, most crucially, could this evolution leave an 
observable trace in the properties of the primordial curvature per-
turbations?
Acknowledgements
I would like to thank Michael Koehn and Paul Steinhardt for 
useful comments and discussions. I gratefully acknowledge the 
support of the European Research Council via the Starting Grant 
Nr. 256994 “StringCosmOS”.
References
[1] A. Borde, A.H. Guth, A. Vilenkin, Inﬂationary space–times are incomplete in
past directions, Phys. Rev. Lett. 90 (2003) 151301, http://dx.doi.org/10.1103/
PhysRevLett.90.151301, arXiv:gr-qc/0110012.
[2] R. Penrose, Gravitational collapse and space–time singularities, Phys. Rev. Lett. 
14 (1965) 57–59, http://dx.doi.org/10.1103/PhysRevLett.14.57.
[3] S. Hawking, R. Penrose, The singularities of gravitational collapse and cosmol-
ogy, Proc. Roy. Soc. Lond. A 314 (1970) 529–548, http://dx.doi.org/10.1098/rspa.
1970.0021.
[4] J. Hartle, S. Hawking, Wave function of the universe, Phys. Rev. D 28 (1983) 
2960–2975, http://dx.doi.org/10.1103/PhysRevD.28.2960.
[5] J. Hartle, T. Hertog, Quantum transitions between classical histories: bouncing 
cosmologies, arXiv:1502.06770.
[6] P. Chen, T. Qiu, D.-h. Yeom, Phantom of the Hartle–Hawking instanton: con-
necting inﬂation with dark energy, arXiv:1503.08709.[7] J.B. Hartle, S. Hawking, T. Hertog, The classical universes of the no-boundary 
quantum state, Phys. Rev. D 77 (2008) 123537, http://dx.doi.org/10.1103/
PhysRevD.77.123537, arXiv:0803.1663.
[8] P.J. Steinhardt, Natural inﬂation, in: The Very Early Universe (Proceedings) 
Cambridge, 1983, pp. 251–266.
[9] A. Vilenkin, The birth of inﬂationary universes, Phys. Rev. D 27 (1983) 2848, 
http://dx.doi.org/10.1103/PhysRevD.27.2848.
[10] A. Ijjas, P.J. Steinhardt, A. Loeb, Inﬂationary paradigm in trouble after 
Planck2013, Phys. Lett. B 723 (2013) 261–266, http://dx.doi.org/10.1016/j.
physletb.2013.05.023, arXiv:1304.2785.
[11] A.H. Guth, D.I. Kaiser, Y. Nomura, Inﬂationary paradigm after Planck 2013, Phys. 
Lett. B 733 (2014) 112–119, http://dx.doi.org/10.1016/j.physletb.2014.03.020, 
arXiv:1312.7619.
[12] A. Linde, Inﬂationary cosmology after Planck 2013, arXiv:1402.0526.
[13] A. Ijjas, P.J. Steinhardt, A. Loeb, Inﬂationary schism after Planck2013, Phys. 
Lett. B 736 (2014) 142–146, http://dx.doi.org/10.1016/j.physletb.2014.07.012, 
arXiv:1402.6980.
[14] J. Khoury, B.A. Ovrut, P.J. Steinhardt, N. Turok, The ekpyrotic universe: colliding 
branes and the origin of the hot big bang, Phys. Rev. D 64 (2001) 123522, 
http://dx.doi.org/10.1103/PhysRevD.64.123522, arXiv:hep-th/0103239.
[15] J.-L. Lehners, Ekpyrotic and cyclic cosmology, Phys. Rep. 465 (2008) 223–263, 
http://dx.doi.org/10.1016/j.physrep.2008.06.001, arXiv:0806.1245.
[16] M.C. Johnson, J.-L. Lehners, Cycles in the multiverse, Phys. Rev. D 85 (2012) 
103509, http://dx.doi.org/10.1103/PhysRevD.85.103509, arXiv:1112.3360.
[17] J.K. Erickson, D.H. Wesley, P.J. Steinhardt, N. Turok, Kasner and mixmaster be-
havior in universes with equation of state w ≥ 1, Phys. Rev. D 69 (2004) 
063514, http://dx.doi.org/10.1103/PhysRevD.69.063514, arXiv:hep-th/0312009.
[18] L. Battarra, J.-L. Lehners, On the creation of the universe via ekpyrotic in-
stantons, Phys. Lett. B 742 (2015) 167–171, http://dx.doi.org/10.1016/j.physletb.
2015.01.028, arXiv:1406.5896.
[19] L. Battarra, J.-L. Lehners, On the no-boundary proposal for ekpyrotic and cyclic 
cosmologies, J. Cosmol. Astropart. Phys. 1412 (12) (2014) 023, http://dx.doi.org/
10.1088/1475-7516/2014/12/023, arXiv:1407.4814.
[20] J.-L. Lehners, Classical inﬂationary and ekpyrotic universes in the no-boundary 
wavefunction, Phys. Rev. D 91 (8) (2015) 083525, http://dx.doi.org/10.1103/
PhysRevD.91.083525, arXiv:1502.00629.
[21] E.I. Buchbinder, J. Khoury, B.A. Ovrut, New ekpyrotic cosmology, Phys. Rev. 
D 76 (2007) 123503, http://dx.doi.org/10.1103/PhysRevD.76.123503, arXiv:hep-
th/0702154.
[22] L. Battarra, M. Koehn, J.-L. Lehners, B.A. Ovrut, Cosmological perturbations 
through a non-singular ghost-condensate/Galileon bounce, J. Cosmol. Astropart. 
Phys. 1407 (2014) 007, http://dx.doi.org/10.1088/1475-7516/2014/07/007, 
arXiv:1404.5067.
[23] P. Creminelli, L. Senatore, A smooth bouncing cosmology with scale invari-
ant spectrum, J. Cosmol. Astropart. Phys. 0711 (2007) 010, http://dx.doi.org/
10.1088/1475-7516/2007/11/010, arXiv:hep-th/0702165.
[24] Y.-F. Cai, D.A. Easson, R. Brandenberger, Towards a nonsingular bouncing cos-
mology, J. Cosmol. Astropart. Phys. 1208 (2012) 020, http://dx.doi.org/10.1088/
1475-7516/2012/08/020, arXiv:1206.2382.
[25] M. Koehn, J.-L. Lehners, B.A. Ovrut, Cosmological super-bounce, Phys. Rev. 
D 90 (2) (2014) 025005, http://dx.doi.org/10.1103/PhysRevD.90.025005, arXiv:
1310.7577.
[26] T. Hertog, J. Hartle, Holographic no-boundary measure, J. High Energy Phys. 
1205 (2012) 095, http://dx.doi.org/10.1007/JHEP05(2012)095, arXiv:1111.6090.
[27] M. Li, Note on the production of scale-invariant entropy perturbation in the 
ekpyrotic universe, Phys. Lett. B 724 (2013) 192–197, http://dx.doi.org/10.1016/
j.physletb.2013.06.035, arXiv:1306.0191.
[28] T. Qiu, X. Gao, E.N. Saridakis, Towards anisotropy-free and nonsingular bounce 
cosmology with scale-invariant perturbations, Phys. Rev. D 88 (4) (2013) 
043525, http://dx.doi.org/10.1103/PhysRevD.88.043525, arXiv:1303.2372.
[29] A. Fertig, J.-L. Lehners, E. Mallwitz, Ekpyrotic perturbations with small non-
Gaussian corrections, Phys. Rev. D 89 (10) (2014) 103537, http://dx.doi.org/
10.1103/PhysRevD.89.103537, arXiv:1310.8133.
[30] A. Ijjas, J.-L. Lehners, P.J. Steinhardt, General mechanism for producing scale-
invariant perturbations and small non-Gaussianity in ekpyrotic models, Phys. 
Rev. D 89 (12) (2014) 123520, http://dx.doi.org/10.1103/PhysRevD.89.123520, 
arXiv:1404.1265.
